Blue crabs Callinectes sapidus Rathbun, 1896 support large commercial and recreational fisheries along the Atlantic coast and in the Gulf of Mexico (GOM). Female blue crabs are traditionally believed to produce one to six broods in their lifetime. However, recent evidence has shown that females have the ability to spawn up to eight broods in a single spawning season, with as many as 18 broods over their lifespan. In this study, fecundity and egg diameter were examined by brood class (primiparous, multiparous) in the spring and summer/fall. Mean carapace width of females was significantly different between brood class and season, with the largest females in the spring. There was a positive relationship between fecundity and carapace width. Although primiparous spring females were the most fecund (3.2 ± 1.5 million eggs), no statistically significant differences in fecundity by brood class and season were found. Loss of eggs occurred during embryonic development; primiparous females lost ∼0.9 million eggs whereas multiparous females lost ∼0.1 million. Egg diameter and carapace width of the female were positively correlated. There was no difference in egg diameter between brood classes, but eggs were 9.9% larger in diameter during the spring than summer/fall. There was an inverse relationship between fecundity and egg diameter. Seasonality appeared to play an important role in the reproductive life history of blue crabs in the northern GOM. Larger crabs and larger eggs in the spring may be related to quality and quantity of available food and temperature conditions for optimal growth.
INTRODUCTION
The blue crab Callinectes sapidus Rathbun, 1896 is a common inhabitant of United States coastal waters from Massachusetts to Texas (Williams, 1974) . Blue crabs are important ecologically and also support large commercial and recreational fisheries in the Gulf of Mexico (GOM) and along the Atlantic Coast (Perry, 1975; Guillory et al., 2001; Miller et al., 2005) .
Female blue crabs typically undergo a terminal molt and become sexually mature (Hay and Shore, 1918; Truitt, 1939; Van Engel, 1958) . Copulation occurs when the female is in the soft shell state and sperm are stored for repeated future spawnings. Early research suggested that blue crabs produced from one to six broods (Churchill, 1919; Truitt, 1939; Van Engel, 1958; Tagatz, 1968) . Recent studies, however, have found evidence that females may produce up to eight broods in a spawning season and up to 18 broods over their lifespan (Hines et al., 2003; Dickinson et al., 2006) . New research suggests that blue crab clutch volume decreases with successive egg masses (Dickinson et al., 2006; Darnell et al., 2009 Darnell et al., , 2010 .
A positive correlation between fecundity and increasing maternal size has been well documented in many decapods * Corresponding author; darcie.graham@usm.edu (Morgan, 1972; Hines, 1988; Sainte-Marie, 1993; Mantelatto and Fransozo, 1997; Comeau et al., 1999; ChazaroOlvera, 2000; Yosho, 2000; Muiño, 2002; García-Guerrero and Hendrickx, 2004; Hamasaki et al., 2006) . For C. sapidus, previous studies found a positive relationship between fecundity and female carapace width (Prager et al., 1990; Darsono, 1992; Ealy, 2001; Pereira, et al., 2009) , clutch volume and carapace width (Darnell et al., 2009 (Darnell et al., , 2010 , and fecundity and maternal body size (Hines, 1982) . While fecundity estimates for blue crabs in the Mobile Bay estuary have been studied (Hsueh et al., 1993) , no data were reported on the relationship to female size.
In some brachyurans, fecundity decreased throughout the development of a brood (Otto et al., 1989; Perez, 1990; Shields et al., 1991; Reid and Corey, 1991; Norman and Jones, 1993; Luppi et al., 1997; Comeau et al., 1999) . Prager et al. (1990) found that fecundity did not vary significantly over the course of embryonic development for C. sapidus in the Chesapeake Bay region, but they did not differentiate between primiparous (first brood) and multiparous (second and successive broods) females. Ealy (2001) suggested primiparous females were less fecund than multiparous crabs but did not test for differences. Recent studies suggest the reverse is true; blue crab clutch (egg mass) volume, an alternative measure of fecundity, has been found to decrease with successive broods (Dickinson et al., 2006; Darnell et al., 2009 Darnell et al., , 2010 .
Similar to fecundity, egg size in crustaceans varies depending on various factors. Darnell et al. (2009 Darnell et al. ( , 2010 found that egg diameter was not correlated to carapace width or clutch number for C. sapidus. Egg size is known to increase throughout embryonic development for the blue crab (Davis, 1965; Amsler and George, 1984; Jacobs et al., 2003) . Seasonal differences in egg size in primiparous C. sapidus, the only brood class studied, were noted by Jacobs et al. (2003) ; spring eggs were larger than summer eggs. This trend is also found in some species of amphipods, where mean egg size is known to decrease among broods as the spawning season progresses (Skadsheim, 1984; Clarke et al., 1985) . In addition, egg size or volume has been found to decrease as temperatures increase in other brachyurans (Kobayashi and Matsuura, 1995; Brante et al., 2003; Hamasaki et al., 2006) . Differences in fecundity or egg size between primiparous and multiparous females of C. sapidus have not been investigated in the northern GOM. Objectives of the present study were to determine: 1) fecundity and egg size in primiparous and multiparous females, 2) seasonal influences on fecundity and egg size, and 3) fecundity differences between early and late stages of embryonic development.
MATERIALS AND METHODS
Field Collection Ovigerous blue crabs C. sapidus were collected from commercial crab traps in Pascagoula, Mississippi, U.S.A. during the spring (March, April, May) and summer/fall (July, August, September) spawning seasons of 2006. Traps were set in waters less than two meters deep; temperature and salinity were taken at the surface with a Yellow Springs Instrument (YSI Model 85) during each sampling trip in areas where ovigerous females were collected. Primiparous and multiparous females with orange or brown egg masses were removed from traps, placed in aerated, partitioned coolers, and transported to the Gulf Coast Research Laboratory, Ocean Springs, Mississippi, U.S.A. for analysis. To assure accurate measurements of female body size, crabs with broken or damaged lateral spines or with multiple missing legs were not selected for this study. Measurements included carapace width (measured between the tips of the lateral spines to the nearest 1 mm), carapace length (measured from the groove between the interorbital rostral teeth to the posterior edge of the carapace to the nearest 1 mm), and crab wet weight (nearest 0.1 g). Crabs were weighed using an Acculab ® VA-4000 balance. Overall appearance was recorded, including the absence of specific legs and the presence of fouling organisms and parasites.
Laboratory Analyses Brood class (primiparous, multiparous) was determined by examination of the carapace, gills, and egg mass. Because females have a terminal anecdysis, their carapace and gills foul as they age and they acquire parasites from spawning grounds in high salinity waters (Van Engel, 1958; Fischler and Walburg, 1962; Williams, 1965) . The presence of a large, red nemertean worm, Carcinonemertes carcinophila Kölliker, 1845, in the gills of adult females or in the egg mass of spawning females is an indication that a female has produced at least one brood (Hopkins, 1947) ; these crabs were classified as multiparous. Small, white or pink C. carcinophila can also be present in the gills of females; these worms are immature and can be found in females prior to production of their first brood (Hopkins, 1947) ; these crabs were classified as primiparous. In addition, if no C. carcinonemertes were found in the gills or egg mass, females were considered primiparous. While other parasites and epizoans were recorded for each female, brood class was solely based on the presence and condition of C. carcinonemertes in the gills and/or egg mass. While it is possible to introduce some error into this classification methodology, this is the best known method for determining brood class in blue crabs collected from the wild.
To obtain the weight of the egg mass, the pleon with the attached egg mass was removed and the eggs were carefully separated from the pleon and pleopods. Wet weight of the egg mass was recorded to the nearest 1 mg using a Fisher S40103 balance. The egg mass was divided into two categories based on egg color and stage of embryonic development. Eggs in early development were yellow or orange in color and the embryos lacked eye placodes. Using the developmental stages of Walker et al. (2006) , these eggs were less than 50% time to hatch (stages 1-6). Eggs in late development were brown in color, had developing eyes, and were more than 50% time to hatch [stages 7-10 of Walker et al. (2006)].
Fecundity
Two subsamples of approximately 250 eggs each were taken from the egg mass, one from the right side and one from the left. The remainder of the egg mass was dried at 80
• C to constant weight (Paine, 1971) . After drying, the egg mass was placed in a dessicator, cooled to room temperature, and weighed to the nearest 1 mg. The number of eggs was counted in each subsample, dried at 80
• C to constant weight (Paine, 1971) , and weighed to the nearest 0.1 μg on a Cahn 29 Automatic Electrobalance. The number of eggs in the subsample and the subsample dry weight were used to estimate the dry weight of a single egg. Fecundity was calculated as the ratio of the dry weight of the entire egg mass, including the dry weight of the subsamples, to the estimated dry weight of one egg.
Egg Diameter
Approximately 25 eggs from each of the two subsamples were measured for egg diameter. Because eggs of C. sapidus are slightly ovoid, the lengths of the longest and shortest axes were measured to the nearest 1 μm. The mean of the two axes was calculated as egg diameter (Sainte-Marie, 1993) . All egg measurements were determined using a calibrated Nikon SMZ1500 microscope equipped with a Nikon Digital Camera DXM 1200F running NIS-Elements BR Software, version 2.30.
Data Analysis
Statistical analyses were performed using SPSS for Windows (version 15.0). A one-way analysis of variance Table 1 . Sample size by brood class, embryonic development, season, and month: primiparous -early development (P-ed), late development (P-ld); multiparous -early development (M-ed), late development (M-ld). (ANOVA) was used to test for seasonal differences in temperature and salinity. A two-way ANOVA was conducted with brood class and season as fixed factors to test for differences in female body size. Due to the known allometric relationships between female size and reproductive variables including fecundity and egg diameter (Hines, 1982; SainteMarie, 1993) , statistical tests were run as an analysis of covariance (ANCOVA) with carapace width as the covariate and brood class and season as fixed factors. Prior to performing a full factorial ANCOVA, a custom model was tested on all data to verify the assumption of parallel slopes.
RESULTS

Temperature and salinity averaged 20.2
• C and 13.4h in the spring and 28.7
• C and 24.7h in the summer/fall. Each value was significantly different between season (ANOVA, F 1,36 = 119.578, P = 0.000 for temperature and ANOVA, F 1,34 = 89.847, P = 0.000 for salinity). Seventy-seven ovigerous crabs were selected during the spring and 85 selected during the summer/fall (Table 1) . Multiparous females accounted for 66% of the spring crabs and 67% of the fall crabs selected.
The relationships between size and brood class and between size and season were the same regardless of the unit of measurement employed (carapace width or carapace length). Because statistical analyses yielded similar results, data were analyzed and reported in carapace width to allow for comparison with the published literature. Carapace width was significantly greater in multiparous females (ANOVA, F 1,158 = 15.518, P = 0.000) and in females collected in the spring (ANOVA, F 1,158 = 106.892, P = 0.000). In addition, a statistically significant interaction effect for carapace width was found with brood class and season as fixed factors (ANOVA, F 1,158 = 5.625, P = 0.019) ( Table 2) . Multiparous spring crabs had the largest carapace width (mean ± standard deviation, 168.9 ± 10.9 mm), whereas primiparous females collected during the summer/fall had the smallest carapace width (140.8 ± 10.9 mm).
There was a positive relationship between carapace width and fecundity (Fig. 1) . A linear regression of fecundity against carapace width for all crabs was significant (F 1,160 = 50.455, P = 0.000); however, carapace width only ac- Table 2 . Carapace width, fecundity, and egg diameter by brood class and season (mean ± SD). Fecundity and egg diameter were compared with an ANCOVA with carapace width as the covariate to account for known allometric relationships. ns, not significant; * , P < 0.05; * * , P < 0.001. counted for 24% of the variation in fecundity. Overall, both the interaction and main effects between brood class and season on fecundity were not significantly different (interaction: ANCOVA, P = 0.186; brood class: ANCOVA, P = 0.554; season: ANCOVA, P = 0.329); however, primiparous spring females were the most fecund and primiparous summer/fall females the least fecund (3.2 ± 1.5 million eggs and 2.2±0.7 million eggs, respectively) ( Table 2) . A comparison of size-adjusted fecundity (Hines, 1982) between seasons for primiparous females was significant (F 1,52 = 21.516, P = 0.000), but only explained 29% of the variation in fecundity.
To examine potential loss of eggs, fecundity was assessed by stage of embryonic development. Brood loss was analyzed by contrasting fecundity against brood class and embryonic development and a significant difference was found (interaction: ANCOVA, F 1,157 = 13.282, P = 0.000); primiparous females lost ∼0.9 million eggs (early development, 3.1 ± 1.3 million eggs; late development, 2.2 ± 0.93 million eggs), whereas multiparous females lost ∼0.1 million eggs (early development, 2.9 ± 0.88 million eggs; late development, 2.8 ± 0.89 million eggs) throughout development.
When all data were combined, egg diameter increased with increasing maternal size (Fig. 2) . A linear regression of egg diameter against carapace width for all crabs was significant (F 1,160 = 18.747, P = 0.000), but explained only 11% of the variation in egg diameter. Egg diameter was largest in primiparous spring females (272.4 ± 21.0 μm) and smallest in primiparous summer/fall females (238.6 ± 13.0 μm) ( Table 2) . Egg diameter as a function of brood class and season was significantly different (ANCOVA, F 1,157 = 4.343, P = 0.039); main effects were only significant for season (ANCOVA, F 1,157 = 65.164, P = 0.000). Spring eggs were significantly larger than summer/fall eggs by approximately 9.9% (267.0 ± 21.5 μm and 240.7 ± 12.9 μm, respectively). There was an inverse relationship between fecundity and egg diameter (Fig. 3) and this relationship was most evident in primiparous females collected during the spring. 
DISCUSSION
A significant seasonal difference in female carapace width was apparent, with a trend for larger females in the spring. Seasonal size differences in adults as well as eggs and larval blue crabs have been observed in other studies. Perry et al. (2007) conducted a fishery-dependent survey of blue crabs entering the trap fishery and found that spring females were larger than summer/fall females. Similar trends were noted in fishery-independent data for adult female blue crabs in Mississippi's long-term monitoring survey (GCRL, unpublished data) and in legal-size crabs in long-term monitoring data from Louisiana (LDWF, unpublished data). Previous studies in Texas (Fisher, 1999) and North Carolina (Darnell et al., 2009 ) have found an inverse relationship between temperature and female size at maturity, further supporting the trend that females grow to larger sizes in the spring and smaller sizes in the summer/fall. Seasonal size differences have also been found in early life history stages of C. sapidus. Jacobs et al. (2003) found that blue crab eggs were larger in the spring, while Stuck and Perry (1982) observed that wild caught megalopae and first crab stages were larger in the spring than in the fall. Stuck and Perry (1982) cultured blue crab larvae and found significant differences in size between the spring and fall larvae with first and second stage zoeae larger in the spring. They found no size differences between spring and fall larvae in later zoeal stages and megalopae, which was attributed to excess feeding of cultured crabs. Spring zoeae in their studies generally completed development in fewer larval stages, less time, and with lower mortality than fall larvae. In rearing larvae from multiple females, these authors found no significant difference in zoeal size within the same season. The authors attributed variations in the number of zoeal stages produced and the duration of larval development to the interaction of three primary factors: initial size of larvae, feeding efficiency, and temperature. Based on these data, Stuck and Perry (1982) suggested that larger size at hatch facilitated feeding efficiency and the zoeae were able to develop more rapidly. Size of larvae and food availability appeared to be more important than temperature in determining growth.
Growth in blue crabs is highly variable and the rate of growth is determined by the increase in size at each molt and the molt interval. Growth is determinant (Hartnoll, 1985) and the number of molts is assumed to be fixed at ∼25 (Newcombe et al., l949a, b; Van Engel, 1958) . Molting rate increases rapidly with increasing temperatures until a threshold is reached, after which growth per molt slows or ceases (Holland et al., 1971; Leffler, 1972; Cadman and Weinstein, 1988) . Thus, while molting rate increases with elevated temperatures, growth per molt decreases and the number of molts necessary to attain a certain size increases. Because the number of molts in blue crabs is fixed, size attained reflects growth per molt modified by ambient thermal surroundings. Seasonal differences in spring and fall temperatures coupled with high productivity, e.g., high nutrient concentrations and resulting phytoplankton biomass, of northern GOM waters associated with riverine runoff in the spring (Lohrenz et al., 1997; Rabalais et al., 1998) would favor increased growth and development of spring larvae. Larvae and juveniles in the summer/fall are exposed to high tem-peratures resulting in higher molting frequency, less growth per molt, and because the number of molts is fixed, a smaller overall adult size. Since blue crabs in the GOM can mature within a year (Perry, 1975; Tatum, 1980) , spring larvae would be expected to contribute to the spawning population during the following spring. The same trend would also be expected for the summer/fall spawn.
Fecundity in brachyuran crabs is variable and highly dependent upon the size of the female. A positive relationship between carapace width and fecundity was found in the present study and has been documented in previous studies (Prager et al., 1990; Darsono, 1992; Ealy, 2001) . A similar relationship was found by Hines (1982) using female body weight instead of carapace width. Estimates of fecundity in the present study (overall, 2.8 million) were within the range of estimates for other geographic areas: Middle Atlantic, 700 000 (Williams, 1965) to 3.2 million (Prager et al., 1990) ; South Atlantic, 1.4 million (Darsono, 1992) to 3.5 million (Ealy, 2001) ; and GOM, 2.1 to 3.2 million eggs (Hsueh et al., 1993) . With the exception of the work by Dickinson et al. (2006) and Darnell et al. (2009 Darnell et al. ( , 2010 in North Carolina, there are no published data on differences between primiparous and multiparous blue crabs. Dickinson et al. (2006) did not determine fecundity, but instead measured clutch volume over a series of spawns by individual females. Number of clutches produced by females during a single spawning season varied from one to seven. Clutch volume was variable in females producing two broods. In the majority of these females, clutch volume decreased by 25%; in the remainder, there was an 18% increase. For females producing three or more broods, there was a consistent decrease in clutch volume. Similar results were found by Darnell et al. (2009 Darnell et al. ( , 2010 . Both studies report that clutch volume decreases with successive broods. Despite no significant differences in fecundity between season and brood class in the present study, mean values were highest for primiparous females in the spring and lowest in the summer/fall. Size of primiparous females was significantly different between seasons, with smaller crabs in the summer/fall. A comparison of size-adjusted fecundity (Hines, 1982) suggests that the size difference is partially responsible for the seasonal differences in fecundity of primiparous females.
The lack of fecundity differences between first and subsequent egg masses in the present study was unexpected. Presence/absence, in addition to color and size, of nemertean worms were used to separate the first spawners from subsequent broods and these characteristics did not allow for determination of specific brood number. However, based on these criteria, the majority of multiparous females in this study were assumed to have produced their second egg mass; few females had large infestations to indicate later broods (third or subsequent egg masses) and a longer amount of time spent in high salinity areas. Future studies should target females producing late broods to determine fecundity through the complete reproductive history of blue crabs in the northern GOM. A method similar to the field confinement techniques of Dickinson et al. (2006) and Darnell et al. (2009 Darnell et al. ( , 2010 would ensure accuracy on brood number of individual females.
Egg loss was found in both primiparous and multiparous brood classes; an average 30% brood loss occurred in primiparous females compared to 3% for multiparous females. The small egg loss in multiparous crabs was surprising as they are typically infested with C. carcinophila, a nemertean parasite prevalent in blue crab populations in the GOM (Overstreet, 1978 (Overstreet, , 1982 (Overstreet, , 1983 Overstreet and Rebarchik, 1995; Shields and Overstreet, 2007) . Nemerteans are known to cause significant egg loss in other brachyuran crabs. In Cancer magister Dana, 1852, infestations of Carcinonemertes errans Wickham, 1978 can cause egg losses of 50% or more (Wickham, 1979) . Because there was no evidence of a difference in fecundity between brood classes in the present study, it appears that C. carcinophila does not contribute to brood mortality in the blue crab in the GOM, at least in early broods; however, additional research is necessary to verify this conclusion. While parasitic influences on brood loss comprise the majority of the research, studies on other crustaceans have found that mechanical losses contribute to a decrease in egg number (Balasundaram and Pandian, 1982; Kuris and Wickham, 1987; Shields et al., 1990) . In addition, ovigerous C. sapidus have been found to commit egg mass mutilation, when captured in crab traps (Dickinson et al., 2006; Darnell et al., 2010) . As all of the crabs in the present study were collected from commercial crab traps, it is conceivable that egg mass mutilation may have occurred and contributed to the egg loss.
Egg diameter increased with increasing maternal size and there was an inverse relationship between fecundity and egg diameter. The trend between fecundity and egg diameter was significant for each brood class within a season and was most evident in primiparous females collected during the spring (Fig. 3) . Differences in egg diameter also occurred between seasons with spring eggs 9.9% larger than summer/fall eggs. This trend was also noted by Jacobs et al. (2003) ; in their study, mean egg size decreased among broods as spawning season progressed, with spring eggs 6% larger. There were no significant differences in egg diameter between brood classes in the present study, but eggs were largest in primiparous females in the spring and smallest in summer/fall primiparous females. Egg diameter followed the same trends noted in carapace width of adults and size of larvae, with larger size in the spring. One possible explanation for the decrease in egg size could be the significant increase in temperature that occurred between the spring and summer/fall collection periods. Other studies on brachyurans have found that egg size (Hamasaki et al., 2006) and embryo volume (Brante et al., 2003) have an inverse relationship with temperature.
In summary, seasonality plays an important role in the reproductive life history of blue crabs in the northern GOM. Larger crabs and eggs in the spring may be related to high productivity of Gulf waters associated with nutrient loading linked to riverine runoff. Food availability and temperature contribute to optimal developmental conditions for growth of larvae and juveniles in spring. Higher fecundity, though not statistically significant, was found in spring crabs. The nemertean worm, C. carcinophila, did not appear to affect fecundity in early broods. The loss of eggs in primiparous crabs was not expected and necessitates further investigation.
